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Abstract

The SARS-CoV-2 has  caused  more  than  2,000  deaths  as  of  20  February  2020
worldwide  but  there  is  no  approved  effective  drug.  The  SARS-CoV-2  spike  (S)
glycoprotein is a key drug target due to its indispensable function for viral infection
and fusion with ACE2 as a receptor. To facilitate the drug discovery and development
with S protein as  drug target,  various  computational  techniques were used in  this
study to evaluate the binding mechanisms between S protein and its acceptor ACE2.
Impressively,  SARS-CoV-2 S protein  has  higher  affinity  binding to  ACE2 at  two
different “up” angles of RBD than SARS-CoV S protein to ACE2 at the same angles.
The energy decomposition analysis showed that more interactions formed between
SARS-CoV-2  S  protein  and  ACE2,  which  may  partially  account  for  its  higher
infectiousness  than  SARS-CoV.  In  addition,  we  found  that  52.2°  is  a  starting
accessible  “up”  angle  of  the  BRD  of  SARS-CoV-2  S  protein  to  bind  ACE2,
demonstrating that BRD is not necessary to be fully opened in order to bind ACE2.
We hope that this work will be helpful for the design of effective SARS-CoV-2 S
protein inhibitors to address the ongoing public health crisis.

1. Introduction

Very recently,  a new coronavirus that is closely related to severe acute respiratory
syndrome  coronavirus  (SARS-CoV),1-3 temporally  named  SARS-CoV-2  by the
international committee on taxonomy of viruses (ICTV),  has emerged as a human
pathogen in Wuhan,  Hubei  Province,  China,  and rapidly spread worldwide.  It  has
caused more than 2,000 deaths as of 20 February 2020 worldwide, mostly in China,
and the number is still growing. However, there is no drug has been approved to be
effective.  Therefore,  it  is  very urgent  to  discover  and  develop  safe  and  effective
therapeutics.

Compared to SARS-CoV, SARS-CoV-2 is more likely to transmit from human-
to-human.4-5 The  spike  (S)  glycoprotein of  SARS-CoV-2  is  a  class  I  viral  fusion
protein,  which  plays  a  vital  role  in  the  viral  infection  with  human  angiotensin-
converting enzyme 2 (ACE2) as a receptor, and mediating fusion of the SARS-CoV-2
and cellular membranes.6-7 The S protein consists of an amino (N)-terminal S1 subunit
and a carboxyl (C)-terminal S2 subunit. In order to recognize the ACE2, the receptor-
binding domain (RBD) of S1 subunit undergoes hinge-like conformational changes to
expose enough space for receptor  binding.8-10 Therefore,  there are  two states of  S
protein  that  are  referred  to  as  “down”  and  “up”  conformation,  where  “down”
conformation is the receptor-inaccessible state and “up” conformation is the receptor-
accessible state.11-14 The significant function of the S protein makes it a vital target for
the drug discovery and development of the SARS-CoV-2.

In order to make a thorough understanding of the binding mechanisms between
SARS-CoV-2 S protein and ACE2, various computational techniques, including MD



simulation,  MM/GBSA,  binding  free  energy  decomposition  analysis,  and  normal
mode analysis  (NMA) were carried out in the present study.  The results  not only
revealed that SARS-CoV-2 S protein binds to ACE2 with higher affinity compared
with SARS-CoV, even though the RBD domain is flexible with different “up” angles,
but also predicted key residues of SARS-CoV-2 S protein for binding to ACE2. In
addition,  we found that  52.2°  is  an  ACE2-accessible  RBD “up” angle  during  the
“down” to “up” conformational change of SARS-CoV-2 S protein. Knowledge of the
interactions between SARS-CoV-2 S protein and ACE2 is required to understand their
binding mechanisms. We hope that this work will provide significant insights into the
design of potent SARS-CoV-2 S protein inhibitors in the future.

2. Materials and methods

2.1  Molecular dynamics  (MD) simulation.  2 SARS-CoV-2 S protein  complexed

with ACE2 was obtained from homology modelling as the initial structures of MD

simulations, using the 3D structures of SARS-CoV S protein bound with ACE2 that

were downloaded  from  protein  data  bank15 (PDB  IDs:  6ACG6 and  6ACK6)  as

templates16.  Each  simulation  system was  solvated  in  a  cubic  box of  TIP3P water

extended by 9 Å from the solute, with a rational number of counter ions of Na+ or Cl-

to  neutralize  the  system.  AMBER99SB*-ILDNP17 force  field  was  used  to

parameterize  the  protein.  To  remove  bad  contacts  formed  during  the  system

preparation, 10,000 steps of minimization with constraints (10 kcal/mol/Å2) on heavy

atoms,  including 5,000 steps  of  steepest  descent  minimization  and 5,000 steps  of

conjugate gradient minimization, was performed. Then each system was heated to 300

K within 0.2 ns followed by 0.1 ns equilibration in NPT ensemble. Finally, 5 ns MD

simulation on each system at 300 K was performed. The minimization, heating and

equilibrium are performed with sander program in Amber16. The 5 ns production run

was performed with pmemd.cuda. 

2.2 Binding free energy calculation. To evaluated the binding free energy between

the S  protein of  SARS-CoV  and  SARS-CoV-2  and  ACE2,  Molecular

Mechanics/Generalized Born Surface Area (MM/GBSA)18-19 was used to calculated

the binding free energy (ΔG) based on 5 ns MD trajectories. In the MM/GBSA, the

ΔG was calculated according to equation (1),
∆ G=∆ H−T ∆ S=∆ Eele+∆ EVDW +∆ Ggb+∆ Gnp−T ∆ S (1)

where  ΔEele and  ΔEVDW are  the  electrostatic  and  van  der  Waals  energy  terms,

respectively.  ΔGgb and  ΔGnp  are  the  polar  and  non-polar  solvation  free  energies,

respectively.  Nmode module in Amber16 was used to calculate the c onformational

entropy (TΔS). In this study, the dielectric constants for solvent and solute were set to

80.0 and 1.0, respectively, and OBC solvation model (igb = 5 and PBradii = 5)20 was

applied. Other parameters are set to default values.



2.3  Conformational  change  pathway  prediction.  The  up-down  conformational
change of SARS-CoV-2 S protein was generated by normal model analysis, of which
the details have been described in our previous study.21 Briefly, many iterations of
NMA was run to predicted the conformational changes from the initial structures to
final  target  structures  gradually.  For  example,  the  intermediate  structure  R(k) in
iteration k, is generated by the equation 2 based on the structure R(k-1) in the iteration
(k-1):

R(k )=R(k−1)+v (k)=R(k−1)+S(k )∑
i

m(k)

(d (k−1 ) ∙ ui
(k))u i

(k)
 (2)

where v(k) is the displacement combined with m(k) low-frequency eigenmodes that are
calculated by NMA. For the  ith eigenmode, its  displacement is proportional to the
projection d(k- 1) ui

(k) where d(k- 1) is the instantaneous distance vector on eigenvector ui
(k),

and scaled by the step size S(k). In this study, the step size is set at 10.0, consisting with
our previous study21. The starting and final structures are obtained from  homology
modelling based on the  3D structures  in  5X58 and 5X5B corresponding to  RBD
“down” and “up” state respectively, chosen from Table 1 with the best resolution. 

3. Results 

3.1  Overview of the  SARS-CoV S trimer’s structures in the PDB. Amino acid
sequence alignment revealed that the S protein of SARS-CoV-2 shares 76% similarity
with that of SARS-CoV (Figure 1). The SARS-CoV S protein adopts a homotrimer
architecture,  of  which  the  RBD undergoes  hinge-like  conformational  switch  from
prefusion to postfusion. As shown in Table 1, in the PDB, 5 ACE2-free SARS-CoV S
trimers are found with three “down” RBDs, which was not observed in any of the
ACE2-bound conformations. 4 SARS-CoV S trimers complexed with ACE2 could be
found so far (PDB ID: 6ACG, 6ACJ, 6ACK, and 6CS2), of which each a single RBD
is in the “up” conformation with different “up” angles ranging from 54.8°  to  84.6°,
revealing the flexibility of the “up” RBD domain.



Figure 1. Sequence alignment of SARS-CoV-1 S protein, and SARS-CoV S protein. 
Identical residues are denoted by an “*” beneath the consensus position. RBD domain
are colored by blue.



Table 1. Summary of SARS-CoV S trimers in the PDB.
PDB ID Resolution(Å) Chain Ligand RBD states “up” angle (°)a

5WRG12

4.3

A - down 30.1

B - down 30.1

C - down 30.1

5X5814 3.2

A - down 31.6

B - down 31.6

C - down 30.7

5X5B14 3.7

A - up 84.8

B - down 30.9

C - down 30.9

5XLR12 3.8

A - down 32.1

B - down 32.1

C - down 32.1

6ACC6 3.6

A - down 33.4

B - down 33.4

C - down 33.4

6ACD6 3.9

A - down 32.8

B - down 32.8

C - down 32.9

6ACG6 5.4

A - down 32.6

B - down 32.7

C ACE2 up 54.8

6ACJ6 4.2

A - down 33.0

B - down 33.3

C ACE2 up 68.3

6ACK6 4.5

A - down 33.1

B - down 33.8

C ACE2 up 84.6

6CRV22 3.2

A - - -

B - - -

C - - -

6CRW22 3.9

A - down 34.3

B - up 68.8

C - down 34.2

6CRX22 3.9

A - up 71.6

B - up 70.6

C - down 38.1

6CRZ22 3.3

A - down 34.1

B - up 68.8

C - down 34.1

6CS022 3.8 A - down 34.2

B - up 68.8



C - down 34.1

6CS122 4.6

A - up 71.6

B - up 70.7

C - down 38.1

6CS222 4.4

A - - -

B ACE2 up 74.0

C - - -

6NB613 4.2

A - down 30.7

B - up 77.9

C - up 55.2

6NB713 4.5

A - up 75.3

B - up 70.6

C - up 78.5
a: The RBD domain “up” angle is determined by residues D392-T608-V972 in SARS-CoV S 

protein.

3.2 Higher affinity of SARS-CoV-2 S binding to ACE2 than SARS-CoV S.  In
order to compare the binding affinity of S protein binding to ACE2 between SARS-
CoV-2 and SARS-CoV, the MM/GBSA method was used to predict the binding free
energy,  which  has  been  recommended  with  more  accurate  prediction  than  many
empirical  scoring  functions  applied  in  protein-protein  docking.23 The  starting
structures  of  SARS-CoV-2  S  protein complexed  with  ACE2  were  obtained  from
homology modelling using 6ACG and 6ACK as templates, chosen from ACE2 bound
SARS-CoV  S  protein  in  Table  1  with  the  largest  and  smallest  “up”  angles,
respectively. 

As shown in Table 2, in the results of simulations started from conformation of
6ACG, the calculated binding free energies of  SARS-CoV-2 S binding to ACE2 is
-21.74±0.65 kcal/mol, which is obviously stronger than that of SARS-CoV S protein
complexed  with  ACE2  (-10.17±0.63  kcal/mol).  It  provides  an  evidence  that  the
SARS-CoV-2 S binds ACE2 with higher affinity than SARS-CoV S, which is one of
the reasons of the fact that SARS-CoV-2 is more readily transmitted from human-to-
human than SARS-CoV, being in good agreement with the experimental results24.  In
addition,  in  the  results  of  simulations  started  from  conformation  of  6ACK,  the
calculated binding free energies of  SARS-CoV-2 S binding to ACE2 (--29.90±0.80
kcal/mol) is also  stronger than that of SARS-CoV S binding to ACE2 (-15.46±0.68
kcal/mol), revealing that the SARS-CoV-2 S protein could maintain higher affinity
binds to ACE2 even though the flexible “up” RBD. One can also conclude that the
SARS-CoV-2 S protein has higher affinity with more “up” RBD domain, according to
calculated  binding  free  energies  based  on  the  simulations  started  by  structures
modelled  from  6ACG  and  6ACK,  with  RBD  “up”  angles  of  54.8°  to  84.6°,
respectively.

Table 2. Components of the binding free energy (kcal/mol) calculated by MM/GBSA



method*

Energy term 
6ACG (“up” angle = 54.8) 6ACK (“up” angle = 84.6)

 SARS-CoV SARS-CoV-2  SARS-CoV 2019-nCoV

Evdw -80.57±0.46 -87.07±0.49 -96.89±0.59 -105.05±0.36

Eele 65.07±0.58 -673.99±3.96 -7.57±0.32 -641.25±4.07

Egb 0.90±0.02 737.98±3.86 83.60±0.26 714.56±3.65

Enp -10.31±0.06 -12.21±0.06 -12.93±0.08 -15.03±0.07

ΔH -24.91±0.50 -35.30±0.60 -33.80±0.74 -46.77±0.61

-TΔS -14.74±0.76 -13.56±0.70 -18.34±0.62 -16.87±0.98

ΔG -10.17±0.63 -21.74±0.65 -15.46±0.68 -29.90±0.80

*: The statistical error was estimated based on 0.5-5 ns MD simulation trajectory. 500 
snapshots evenly extracted from the 0.5-5 ns MD trajectory of complex were used for 
MM/GBSA calculations and 10 snapshots for the entropy term calculations.

3.3 Comparison of the structure-affinity relationships between SARS-CoV-2 S
and SARS-CoV S. To identify key residues in the S-ACE2 interactions, the binding
free energies were decomposed into residues by the  MMPBSA.py module in Amber
16.  As  shown in  Figure  2,  the  interaction  profiles  are  somewhat  similar  between
SARS-CoV and SARS-CoV-2. For example,  in the results of simulations started by
6ACG,  residues  Y442, L443, P462, L472, N473, Y475, Y484, T487, and Y491 are
favorable energy contributors in SARS-CoV S protein bound with ACE2, which are
corresponding to residues L455, F456, A475, F486, N487, Y489, Q498, N501, and
Y505 in SARS-CoV-2 S protein by sequence alignment, respectively (Figure 2A). In
particular, the residue Y491 contributes -4.03±0.60 kcal/mol in SARS-CoV S protein,
and the corresponding residue Y505 contributes -4.23±0.56 kcal/mol in SARS-CoV-2
S protein. The difference is extra favorable energy contributors Y449, Q493, G496,
T500, and G502 in SARS-CoV-2 S protein, especially for residue Q493 (-3.49±0.48
kcal/mol), suggesting more interactions formed in SARS-CoV-2 S protein binding to
ACE2, which accounts for the higher binding affinity of SARS-CoV-2 S protein than
that of SARS-CoV S protein. Similarly, in the results of simulations started by 6ACK,
there are more residues whose energy contribution more than 1.0 kcal/mol in the S-
ACE2 interface, even though the binding affinity of SARS-CoV S protein is higher
that of simulation started by 6ACG (Figure 2B).



Figure 2. S protein Residue-ACE2 interaction spectrum of SARS-CoV-2 (colored 
black) and SARS-CoV (colored blue). The initial structures of MD simulation were 
based on the 3D structures of 6ACG (A) and 6ACK (B). The residues that contribute 
less than -1.00 kcal/mol to binding energy were labeled in the black fonts.

3.4 Identification of the ACE2-accessible RBD “up” angle of SARS-CoV-2 S. The
two states, “down” and “up” conformations, correspond to the receptor-inaccessible
and receptor-accessible states, respectively.  However,  as shown in Table 1, ACE2-
bound SARS-CoV S protein still have different RBD “up” angles, suggesting that the
RBD should “up” to a receptor-accessible angles before binding to ACE2. To identify
the  ACE2-accessible  RBD “up” angle, we calculated atomic-level “down” to “up”
conformational change of SARS-CoV-2 S protein by normal modes analysis (Figure
3A), starting by “down” conformation modelled by 5X58 chosen from Table 1 with
the  best  resolution.  By  aligning  the  RBD-ACE2  complexes  of  6ACG  with
conformations along the conformational change pathway, we found that only the RBD
“up” to 52.2°, there is no atomic collision between ACE2 and S protein, being in well
agreement with experimental results (Figure 3B). For examples, as shown in Table 1,
all the “down” conformations of SARS-CoV S protein have RBD “up” angle less than
52.2°. In addition, the smallest RBD “up” angle 54.8° in 6ACG is still larger than
52.2°. 



Figure 3. (A), Conformational change pathway of  SARS-CoV-2 S protein generated
by NMA. The “up” angle is determined by residues D405-V622-V991, corresponding
to residues D392-T608-V972 in SARS-CoV S protein. (B), The RBD “up” angle of
the  ACE2-inaccessible  (blue),  ACE2-accessible  (green),  and  unsampled  (gray)
conformations for the SARS-CoV-2 S. 

4. Conclusions

The outbreak of the SARS-CoV-2 has seriously threatened the global health, which
caused more than 2,000 deaths in China as of 27 January 2020. However, there is no
approved effective drug. The SARS-CoV-2 spike (S) glycoprotein is a key target for
drug discovery and design, due to its indispensable function for viral infection and
fusion by using human angiotensin-converting enzyme 2 (ACE2) as a receptor. To
facilitate  the  development  of  inhibitor  to  S-ACE2  interactions,  we  used  various
computational techniques to study the  binding mechanisms of  S-ACE2. Compared
with SARS-CoV, SARS-CoV-2 S protein has obvious higher affinity binds to ACE2
predicted  by MM/GBSA,  which  might  account  for  the  ease  of  transmission  from
human-to-human of SARS-CoV-2. The binding free energy decomposition analysis
further showed that more interactions formed in SARS-CoV-2 S protein binding to
ACE2 accounts  for  the higher  binding affinity.  In addition,  from the binding free
energies of SARS-CoV-2 S proteins with different RBD “up” angle, it could be found
that SARS-CoV-2 S protein has higher affinity binds to ACE2 with more “up” RBD.
Therefore,  to  identify  an  ACE2-accessible  RBD “up”  angle,  the  “down”  to  “up”
conformational change of SARS-CoV-2 S protein was generated by NMA. The results
suggested that 52.2° is an ACE2-accessible RBD “up” angle, being consistent with
experimental results, which also suggested that conformations between RBD “down”
and  up  to  52.2°  is  ideal  target  structures  for  SARS-CoV-2  S  inhibitor  to  its
conformational change. We hope that this work will provide significant insights into
the design of potent SARS-CoV-2 S protein inhibitors to address the ongoing public
health crisis.
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